The phospholipase A 2 (PLA 2 ) superfamily hydrolyzes phospholipids to release free fatty acids and lysophospholipids, some of which can mediate inflammation and demyelination, hallmarks of the CNS autoimmune disease multiple sclerosis. The expression of two of the intracellular PLA 2 s (cPLA 2 GIVA and iPLA 2 GVIA) and two of the secreted PLA 2 s (sPLA 2 GIIA and sPLA 2 GV) are increased in different stages of experimental autoimmune encephalomyelitis (EAE), an animal model of multiple sclerosis. We show using small molecule inhibitors, that cPLA 2 GIVA plays a role in the onset, and iPLA 2 GVIA in the onset and progression of EAE. We also show a potential role for sPLA 2 in the later remission phase. These studies demonstrate that selective inhibition of iPLA 2 can ameliorate disease progression when treatment is started before or after the onset of symptoms. The effects of these inhibitors on lesion burden, chemokine and cytokine expression as well as on the lipid profile provide insights into their potential modes of action. iPLA 2 is also expressed by macrophages and other immune cells in multiple sclerosis lesions. Our results therefore suggest that iPLA 2 might be an excellent target to block for the treatment of CNS autoimmune diseases, such as multiple sclerosis.
Introduction
Multiple sclerosis is a multi-focal autoimmune demyelinating disease of the CNS (Compston and Coles, 2002; Steinman et al., 2002) . The clinical symptoms include paralysis, sensory loss and autonomic dysfunction, as the focal lesions can occur in widespread regions of the CNS (Noseworthy et al., 2000) . Experimental autoimmune encephalomyelitis (EAE) is a widely used rodent model (Gold et al., 2006; Steinman and Zamvil, 2006; Baxter, 2007) , which has provided important insights into some of the mechanisms underlying CNS autoimmune disease. Although T cells mediate the disease, macrophages and CNS glia contribute importantly to the CNS pathology. The exact mechanisms underlying the formation of these lesions in the CNS are still not fully understood.
PLA 2 consists of a large superfamily that includes secreted (sPLA 2 ) and intracellular cytosolic PLA 2 s. They hydrolyze ester bonds at the sn-2 position of membrane phospholipids to generate free fatty acids and lysophospholipids (Kudo and Murakami, 2002; Schaloske and Dennis, 2006) . Arachidonic acid released by PLA 2 , via the cyclooxygenase (COX) and lipoxygenease pathways, can give rise to eicosanoids such as prostaglandins (PG) and leukotrienes (Calder, 2003; Rocha et al., 2003) that contribute to various aspects of inflammation. In addition, one of the other products of PLA 2 , lysophosphatidylcholine, can also contribute to these inflammatory changes as it can induce the expression of chemokines and cytokines (Ousman and David, 2001) , and is also a potent demyelinating agent (Ousman and David, 2000) . Therefore, PLA 2 could set off a robust inflammatory and demyelinating response in the CNS in multiple sclerosis and EAE via multiple pathways.
The C57BL/6 mouse strain has a naturally occurring null mutation of a major form of sPLA 2 [group IIA (GIIA)] (Kennedy et al., 1995) . Using this mouse strain, we showed previously that arachidonyl trifluoromethyl ketone (AACOCF 3 ), a non-selective inhibitor that blocks various forms of the intracellular cytosolic PLA 2 s, markedly reduces the onset and progression of the disease (Kalyvas and David, 2004) . Additionally, cPLA 2 GIVA knockout mice on the C57BL/6 background are resistant to EAE (Marusic et al., 2005) .
We now present evidence that of the 14 members of the PLA 2 superfamily that are expressed in SJL/J mice, four change their expression in EAE. We have characterized the expression of these four PLA 2 s in different stages of EAE, and using selective inhibitors show that cPLA 2 and iPLA 2 appear to play different roles in the onset and progression of the disease. Additional work on chemokine and cytokine expression and lipid profiling revealed some of the potential mechanisms underlying these effects.
Materials and Methods

Generation of EAE
EAE was induced in female SJL/J mice by subcutaneous injections of 100 mg of proteolipid protein (Sheldon Biotechnology Centre, Montreal, Canada) in Complete Freund's Adjuvant (CFA) [Incomplete Freund's adjuvant containing 4 mg/ml of heat inactivated Mycobacterium tuberculosis (Fisher Scientific, Nepean, Canada) ]. Mice were boosted on Day 7 with 50 mg of proteolipid protein in CFA containing 2 mg/ml of heat inactivated M. tuberculosis. The mice were monitored daily for clinical symptoms of EAE using the following scale: grade 0 = normal (no clinical signs), grade 0.5 = tail weakness (partial flaccid tail), grade 1 = tail paralysis (complete flaccid tail), grade 2 = mild hindlimb weakness (fast righting reflex), grade 3 = severe hindlimb weakness (slow righting reflex), grade 4 = hindlimb paralysis, grade 5 = hindlimb paralysis and forelimb weakness or moribund. The person doing the clinical monitoring was blind to the experimental groups.
Double immunofluorescence
Mice at different clinical stages [onset (11-12 days) , peak (18 days), remission (20-25 days)] were deeply anesthetized and intracardially perfused with 0.1 M phosphate buffer followed by perfusion with 4% paraformaldehyde in 0.1 M phosphate buffer. Cryostat sections (12 mm) were blocked in 0.1% Triton-X 100 and 10% normal goat serum and incubated overnight with polyclonal anti-cPLA 2 GIVA (Santa Cruz Biotechnology, 1:75), anti-iPLA 2 GVIA, anti-sPLA 2 IIA or anti sPLA 2 V (Cayman Chemicals, 1:500, 1:100, 1:100, respectively) combined with monoclonal antibodies specific for astrocytes (mouse anti-GFAP, Sigma, 1:1000) or oligodendrocytes (mouse anti-APC, Calbiochem, 1:30). This was followed by incubation with a biotinylated goat anti-rabbit secondary antibody (Jackson ImmunoResearch Laboratories, 1:400) combined with a goat anti-mouse rhodamineconjugated secondary antibody (Jackson ImmunoResearch Laboratories, 1:200). After washing, the sections were incubated with fluorescein-conjugated streptavidin (Molecular Probes, 1:400).
Histochemistry and immunohistochemistry of postmortem multiple sclerosis tissue
The tissue analysed in this study was from archival paraffin-embedded blocks and its use for research was approved by the University of Calgary Research Ethics Board. Tissue was obtained at autopsy from three patients with multiple sclerosis (25-year-old male, 34-year-old female and 38-year-old female; postmortem delay of 524 h). The diagnosis of multiple sclerosis was confirmed by a neuropathologist. Coexisting neuropathology was excluded. The tissue blocks containing multiple sclerosis lesions were sampled from various CNS regions particularly the spinal cord. The multiple sclerosis lesions were classified into active, chronic active and chronic inactive lesions, based on the Bo/Trapp staging system (Trapp et al., 1998; van der Valk and De Groot, 2000) . All cases had active lesions and/or chronic active lesions (data not shown). Active lesions were actively demyelinating and acutely inflammatory throughout the lesion, with heavy infiltration of CD3 + T cells and CD68 + macrophages, as well as damaged axons immunoreactive for amyloid precursor protein; chronic active lesions were hypocellular in the cores, but hypercellular along the edges that contained focal demyelinating and inflammatory activity. Tissue sections (6 mm) were deparaffinized, rehydrated and antigen retrieval performed in sodium citrate (pH 6.0) for 20 min at 95 C.
Sections were washed with PBS, placed in 2% H 2 O 2 for 10 min at room temperature and blocked in 0.1% Triton-X containing 2% normal donkey serum and 1% ovalbumin. For immunofluorescence, sections were incubated overnight with polyclonal iPLA 2 GVIA and a rat monoclonal anti-Mac-2 (1:2, hybridoma supernatant) to identify activated macrophages. Sections were washed and visualized by incubation with Alexa 488-conjugated donkey anti-rabbit (1:400, Molecular Probes), and Alexa544-conjugated donkey anti-rat (1:400, Molecular Probes). Another series of sections was stained with Luxol fast blue and hematoxylin to identify the areas of demyelination.
Fluorescence activated cell sorting
Mice were anesthetized at the onset, peak and remission stages and intracardially perfused with 20 ml of PBS. Brains and spinal cords, and spleens from six mice were collected and dissociated at each stage of disease, into a single-cell suspension by passing through a 70 mm pore size cell strainer (BD Biosciences). After centrifugation with 37% Percoll (Amersham Biosciences), cells were resuspended in buffer containing mouse IgG to block non-specific antibody binding. These cells were then stained with the following antibodies: Polyclonal rabbit anti-cPLA 2 , anti-iPLA 2 , anti-sPLA 2 IIA and anti-sPLA 2 V; monoclonal, FITC-conjugated anti-CD4, anti-CD8, anti-Mac-1/CD11b and anti-CD11c, (BD Pharmingen, 1:200) . Goat anti-rabbit biotin and PE-conjugated strepavidin were sequentially added thereafter. Cells were isolated using a Fluorescence activated cell sorting (FACS) Vantage cell sorter (BD Immunocytometry Systems-Lyman Duff Medical Building), and flow cytometry data were analysed using the CellQuest software. The FACS analysis of the different immune cell types was repeated four times.
Treatment of EAE-induced mice
Two classes of PLA 2 inhibitors were used: the 2-oxoamides (AX059 and AX115) and fluoroketones (FKGK11 and FKGK2). The 2-oxoamide inhibitors have been extensively characterized (Kokotos et al., 2004; Stephens et al., 2006; Six et al., 2007) . Some of these such as AX059
is selective and potent inhibitors of cPLA 2 GIVA (Table 1) , and have been used in other in vivo models (Kokotos et al., 2002 (Kokotos et al., , 2004 Stephens et al., 2006; Yaksh et al., 2006; Six et al., 2007) . AX059 shows 495% inhibition of cPLA 2 at 0.091 mole fraction, while showing 0% inhibition of iPLA 2 and sPLA 2 (Table 1) . Its X I (50) value, which is the mole fraction of the inhibitor in the total substrate interface required to inhibit the enzyme by 50%, is 0.008 AE 0.002, indicating high potency. One of the fluoroketones (FKGK11) is a selective and potent inhibitor of iPLA 2 (Table 1) and has been used in vivo (LopezVales et al., 2008) . Details of the synthesis and further data on the inhibition by these novel fluoroketone compounds are described elsewhere . FKGK11 is highly selective for iPLA 2 GVIA, showing 495% inhibition of iPLA 2 at 0.091 mole fraction as compared to inhibiting only 17% of cPLA 2 and 29% of sPLA 2 . At the high concentration of substrate used for these assays, values of 25% or below are not considered significant. Its X I (50) value (0.0073 AE 0.0007) also indicates that it is a potent inhibitor of iPLA 2 . In addition, two pan-PLA 2 inhibitors were used, one of which strongly inhibits all three PLA 2 s (the fluoroketone, FKGK2); the other is a weak pan-inhibitor (the 2-oxoamide, AX115). However, the free acid generated by the hydrolysis of AX115 inhibits sPLA2 (IC 50 = 4.2 mm; M. Gelb and G. Kokotos, unpublished results) . Therefore, AX115 could potentially block sPLA 2 more than cPLA 2 and iPLA 2 . EAE-induced mice were randomly assigned to the treatment and control groups. For the groups that received treatment before the onset of clinical symptoms, treatment was started on Day 5 after immunization and given daily for 3 weeks. Daily injections of the compounds AX059, AX115, FKGK11 and FKGK2 were given on a 3-day cycle consisting of one intravenous injection (100 ml) followed by two intraperitoneal injections (200 ml) of a 2 mM solution. Mice in the control group were treated with the vehicle used to suspend the inhibitors, i.e. PBS containing 5% Tween 80. For the groups that 
Mouse inflammation antibody array
Spinal cords were removed from vehicle-and inhibitor-treated animals when the vehicle-treated mice reached the peak of disease (score of 4). The tissues were then homogenized in lysis buffer and centrifuged at 1000 g. These protein samples were then assessed using the Raybio Õ inflammatory antibody array from RayBiotech Inc (Norcross, GA). Briefly, blocking buffer was added to glass-chip slides, which are coated with antibodies against chemokine, cytokine and related proteins. The slides were then incubated with the various protein samples from the treatment and control groups. After washing the glass slides, they were incubated sequentially with a biotin conjugated secondary antibody solution, horseradish peroxidase (HRP)-conjugated strepavidin, and HRP detection buffer. The signals were then visualized by chemiluminescence. Densitometric analysis was performed to detect differences between the various samples using ImageQuant 5.1 software (Molecular Dynamics). Positive control signals were used to normalize the level of expression from different glass slides being compared. Tissue from one mouse was used for each experiment, and the experiments repeated three times with samples from three different mice (n = 3 for each group). All the detection and analysis were done blind.
Lipid profiling
Spinal cords were removed from vehicle-and inhibitor-treated animals at the peak stage of disease when the vehicle-treated mice reached the clinical score of 4, and the tissue snap frozen in liquid nitrogen. Lipid profiling was carried out by Lipomics Technology Inc. (West Sacramento, CA). The tissues were then extracted for either TrueMass Õ lipid profiling, or an eicosanoid inflammatory panel analysis. The lipids from the tissues were extracted in the presence of authentic internal standards as previously described (Folch et al., 1957) , using chloroform:methanol (2:1 v/v). Individual lipid classes within each extract were separated by liquid chromatography (Agilent Technologies model 1100 Series). Each lipid class was transesterified in 1% sulphuric acid in methanol in a sealed vial under a nitrogen atmosphere at 100 C for 45 min. The resulting fatty acid methyl esters were extracted from the mixture with hexane containing 0.05% butylated hydroxytoluene and prepared for gas chromatography by sealing the hexane extracts under nitrogen. Fatty acid methyl esters were separated and quantified by capillary gas chromatography (Agilent Technologies model 6890) equipped with a 30 m DB-88MS capillary column (Agilent Technologies) and a flame ionization detector. Lipomic Surveyor Õ software was used to visualize changes within the treated groups. Tissue from one mouse was used for each experiment and the experiments repeated three times with samples from three different mice (n = 3 for each group). All the detection and analysis were done blind.
Eicosanoid analysis
Lipids extracted from tissues using solid phase extraction in the presence of a mixture of deuterium labelled surrogates. The mass of the sample and the surrogate standards were used to calculate the quantitative amount of each analyte in the test matrix. Each sample was analysed by LC/MSMS, using Phenomenex Luna C18 reverse phase column (150 Â 2.1 mm) connected to a Waters Quattro Premier triple quadrupole mass spectrometer. The analytes were ionized via negative electrospray and the mass spectrometer was operated in the tandem mass spec mode. An analytical software (MassLynx V4.0 SP4 2004, Waters Corporation) was used to identify target analytes based on the reference standard to generate a profile. Experiments were repeated with three times with samples from three different mice (n = 3), and all the detection and analysis between treatment groups was done blind.
Statistical analyses
Data are shown as mean AE SEM. Statistical analyses of the results of the functional assessments were performed by using two-way repeated measures Friedman's ANOVA on Ranks. All other analyses were carried out using the student's t-test. Differences were considered significant if P50.05.
Results
PLA 2 isoforms are expressed differentially at various stages of EAE Changes in mRNA expression
We first assessed the mRNA expression of four intracellular PLA 2 s including calcium dependent [cPLA 2 (IVA, IVB)] and calcium independent [iPLA 2 (VIA, VIB)] forms, as well as 10 sPLA 2 s (IIA, IIC, IID, IIE, IIF, V, VII, X, XII-1, XII-2) in the spinal cord and spleen of SJL/J mice at the onset, peak and remission stages of EAE. The mRNA expression of cPLA 2 GIVA is increased mainly at the onset of EAE in the spinal cord and spleen ( Fig. 1A and B), while iPLA 2 GVIA is increased at the onset and peak stages of the disease in the spinal cord, and highest at the peak in the spleen ( Fig. 1A and B; unchanged PLA 2 s not shown). In contrast, sPLA 2 GIIA is increased at the peak in the spinal cord and at the peak and remission stages in the spleen, while sPLA 2 GV is increased in the peak and remission stages in the spinal cord and spleen ( Fig. 1A and B). Changes in the expression of these PLA 2 s in the spinal cord are likely to be due to expression in the immune cells that are recruited and/or expression in CNS glia.
Changes in protein expression in immune cells
The four PLA 2 s that showed changes at the mRNA level was assessed by FACS analysis of immune cells isolated from the CNS and spleen ( Fig. 2A and B; and Supplementary Fig. 1 ). The expression of all four PLA 2 s at the onset of EAE is predominately in CD11b + macrophages ( Fig. 2A) , followed by CD4 + T cells, CD8 + T cells and dendritic cells ( Fig. 2A) . At the peak stage, the proportion of T cells that express all four groups of PLA 2 is highest ( Fig. 2A ).
In the remission stage, cPLA 2 IVA and sPLA 2 IIA are expressed mainly by macrophages. Overall, all PLA 2 s are expressed at much lower levels in the spleen than in the CNS (Fig. 2B ). Collectively, these data indicate that there is a marked increase in the proportion of macrophages and T cells that express the four PLA 2 s after 
Changes in immunofluorescence staining of spinal cord tissue
In naïve mice, there is low-constitutive expression of all four PLA 2 s in some astrocytes and oligodendrocytes in the spinal cord white matter (data not shown). At the onset of disease, all four PLA 2 s are expressed in infiltrating immune cells as shown above ( Fig. 2A) , which are located mainly in the submeningeal spaces (arrows in Fig. 3A-D) . At the peak stage, iPLA 2 GVIA labelling is expressed mainly in infiltrating immune cells (Fig. 3F ), while cPLA 2 GIVA, and sPLA 2 GIIA and GV, also show increased expression in astrocytes (Fig. 3E , G and H), and some oligodendrocytes (data not shown). There is also a more diffuse immunoreactivity for the two sPLA 2 s in regions of EAE lesions at the peak stage of EAE ( Fig. 3G and H) , suggestive of staining of secreted protein.
In the remission stage there is little if any labelling of cPLA 2 GIVA and iPLA 2 GVIA ( Fig. 3I and J) but the expression of sPLA 2 GIIA and GV is still observed and remains high in astrocytes ( Fig. 3K and L).
cPLA 2 GIVA and iPLA 2 GVIA play a role in the initiation of EAE
We assessed the role of these PLA 2 s in initiating disease using two classes of small molecule inhibitors. cPLA 2 GIVA was blocked using a 2-oxoamide compound (AX059) that is a highly selective and potent inhibitor of cPLA 2 GIVA (Table 1 ) (Kokotos et al., 2004) . This class of inhibitors has been extensively characterized (Kokotos et al., 2004; Stephens et al., 2006; Six et al., 2007) . iPLA 2 GVIA was blocked using a novel selective and potent fluoroketone compound (FKGK11) ( Table 1 ) Lopez-Vales et al., 2008) . Two other novel pan-inhibitors that block all three types of PLA 2 s (cPLA 2 , iPLA 2 and sPLA 2 ) were also used: a fluoroketone (FKGK2) that blocks all three highly (86-92%), and a 2-oxoamide (AX115), which blocks all weakly ($50% range) ( Table 1) . Inhibitors were administered daily for 3 weeks starting 5 days after the immunization, i.e. before the onset of clinical symptoms ($Day 12). Mice were evaluated daily for clinical disability using a five-point scale (see Materials and methods section). Mice treated with the cPLA 2 GIVA inhibitor AX059, showed a significant reduction in the severity of the early course of the disease (Fig. 4) , with abrogation of the first attack (clinical score of 0.5 at Day 18), but progressing into a second attack at Day 27. The end-point disability score at Day 40 was also lower than that of control EAE mice (Fig. 4) . In sharp contrast, mice treated with the iPLA 2 inhibitor FKGK11 showed a marked reduction in clinical disability and progression of disease (Fig. 4) . These mice reached a maximum peak clinical disability score of only grade 1.0 throughout the course of disease until Day 40, even though treatment was stopped at Day 25 (Fig. 4 ). Mice treated with FKGK2, the strong pan-PLA 2 inhibitor showed a maximal score of $0.5 for much of the 40 days, and was similar statistically with the results with FKGK11 (Fig. 4) suggesting that Note that at the onset of disease, the expression of all PLA 2 s is seen in immune cell infiltrates in the submeningeal regions (arrows). The inset in panel B is a higher magnification of the area outlined in the box showing iPLA 2 labelling and nuclear labelling (DAPI), indicating the presence of immune cell infiltrates in this region. (E-H) At the peak of disease there is a marked increase in all PLA 2 s. The co-localization of cPLA 2 GIVA and sPLA 2 GV in GFAP + astrocytes is illustrated in the inserts which show higher magnification of the boxed areas in panels E and H. iPLA 2 GVIA labelling is very prominent in what appear to be immune cells (arrows in F), while the sPLA 2 GIIA labelling is very diffuse in the area outlined by the dashed line in panel G. sPLA 2 GV (H) also shows some diffuse labelling in addition to the labelling of astrocytes. (I-L) In the remission stage there is little if any expression of cPLA2 GIVA (I) and iPLA2 GVIA (J) but there is still expression of sPLA 2 GIIA and V (K and L). Scale bar = 100 mm. Scale bars in insets = 30 mm.
the effect of the pan-inhibitor FKGK2 may be due to its ability to block iPLA 2 . In contrast, the other pan-inhibitor (AX115) that blocks cPLA 2 , iPLA 2 and sPLA 2 less effectively than FKGK2 did not differ from vehicle-treated controls (Fig. 4) . Given the early start of the treatment, it is possible that the iPLA 2 inhibitor and pan-PLA 2 inhibitor (FKGK2) might affect the induction of EAE. Overall, these data suggest that cPLA 2 may play a role in the onset of EAE and iPLA2 in the onset or induction of EAE.
iPLA 2 also plays a role in the progression and severity of EAE To further assess the roles of cPLA 2 and iPLA 2 , in the progression of EAE, inhibitor treatments were started after the onset of clinical symptoms, i.e. grade 0.5 (partial flaccid tail), which occurred starting at Day 11 or 12 (Fig 5) . Treatment was continued for 2 weeks. Animals treated with the cPLA 2 inhibitor (AX059) showed slightly reduced scores but these differences are not statistically significant from the controls (Fig. 5) , suggesting that although the cPLA 2 plays a role in the onset of the disease (Fig. 4) , it may not be important in the progression phase. In contrast, mice treated after disease onset with the iPLA 2 inhibitor (FKGK11), showed marked improvement in clinical disability (Fig. 5) , with a score of only 1.4 on Day 17, the peak of the first attack when the vehicle-treated mice have a score of 3.2. The beneficial effect persisted even after the termination of the treatment (Fig. 5) . These data suggest that iPLA 2 may play role in the progression of the disease. onset of symptoms. Graph shows the clinical course of EAE in SJL/J mice that were treated with the cPLA 2 inhibitor (AX059), iPLA 2 inhibitor (FKGK11), the weak panPLA 2 inhibitor (AX115) and the strong pan-PLA 2 inhibitor (FKGK2), starting after the onset of clinical symptoms in the EAE animals. Data represent means AE SEM of pooled data from two batches of mice; n = 10 mice in each group. Treatment with the cPLA 2 and iPLA 2 inhibitors was started after the mice started to show symptoms (clinical grade of 0.5, partial flaccid tail; starting on Days 11 and 12) and given for a 2-week period (indicated by the bar). Treatment with AX115 was started on Day 14 just before the mice reached the first clinical peak and given for a 2-week period. There is no statistically significant difference in the clinical scores between the cPLA 2 inhibitor treated and vehicletreated control groups throughout the course of disease, suggesting that cPLA 2 may not play a role in the progression of disease. In contrast, the iPLA 2 inhibitor treated group shows a marked reduction in motor disability, suggesting that iPLA 2 plays a role in the progression of the disease (Days 13-35; P50.01). This effect persists after the treatment is stopped at Day 26. On the other hand, treatment with AX115 during the peak and remission stages resulted in a marked increase in the severity of the disease as compared to the vehicle-treated control group (Days 19-24; P50.05). The other pan-PLA 2 inhibitor-treated (FKGK2) group and the vehicle-treated control groups had scores that were not significantly different. Figure 4 Effects of PLA 2 inhibitor treatment started before the onset of symptoms. Graph shows the clinical course of EAE in SJL/J mice that were treated with the cPLA 2 inhibitor (AX059), iPLA 2 inhibitor (FKGK11), a weak pan-PLA 2 inhibitor (AX115), and a strong pan-PLA 2 inhibitor (FKGK2). These inhibitors were administered before the onset of symptoms starting from Day 5 to Day 26; the EAE controls received vehicle injections. Data represent means AE SEM of pooled data from two batches of mice; n = 19 mice in each group. The difference between the cPLA 2 inhibitor group and control group is significant during the first paralytic episode (Days 13-23; P50.01), suggesting that cPLA 2 has a role in initiation of disease. There is a marked reduction in severity of disease in mice treated with the iPLA 2 inhibitor, as compared to the control group throughout the course of disease (Days 14-40; P50.01), i.e. even after the treatment was stopped at Day 26. There is no statistically significant difference between the AX115 inhibitor treatment and vehicle-treated controls. The strong pan-PLA 2 inhibitortreated (FKGK2) group showed a marked reduction in severity of disease as compared with the vehicle-treated control group throughout the course of disease (Days 14-40; P50.01), likely reflecting its ability to block cPLA 2 and iPLA 2 .
Phospholipase
Treatment with the weak pan-PLA2 inhibitor (AX115) worsened the disease, i.e. prevented the remission phase (Fig. 5) . On Day 17, mice treated with AX115 had a mean peak score of grade 3, similar to the vehicle-treated group (Fig. 5) . The vehicle-treated mice progressed into remission with an average score of $1.4 at Day 23, while the AX115-treated mice had a worse clinical score of 2.5 (Fig. 5) . By Day 35, the AX115-treated mice and vehicle treated EAE controls had a clinical score of 2.8 and 2.3, respectively. This effect is unlikely to be due to blocking of T cell apoptosis based on FACS analysis of annexin V labelling (data not shown). In striking contrast, the stronger pan-PLA 2 inhibitor-treated (FKGK2) group did not show any improvement (Fig. 5) . The reasons for why the weaker pan-inhibitor has a worsening effect while the strong pan-inhibitor does not affect disease course is not known. However, the free acid product of the hydrolysis of AX115 inhibits sPLA 2 GIIA (IC 50 = 4.2 mm; M. Gelb and G. Kokotos, unpublished results) . Therefore, the direct effects of AX115 and the conversion of AX115 to its free acid form in vivo could lead to greater inhibition of sPLA 2 while only partially blocking cPLA 2 and iPLA 2 as compared to FKGK2. Further studies are therefore warranted using more selective sPLA 2 inhibitors.
iPLA 2 inhibitor treatment reduces lesion burden
Histological analysis of lesion burden and myelin loss in the spinal cord was assessed at the end-point (Day 35) in mice treated after the onset of symptoms. Only treatment with the iPLA 2 inhibitor (FKGK11), which was the only one to show clinical improvement when given after disease onset, had a statistically significant reduction in the number and size of EAE lesions in the spinal cord ( Fig. 6A and C) , as well as a reduction in the number of infiltrating immune cells per lesion (Fig. 6B) .
Myelin loss was almost completely prevented in animals treated with either the cPLA 2 (AX059) or iPLA 2 (FKGK11) selective inhibitors ( Fig. 6D-F) . The strong pan-PLA 2 inhibitor-treated (FKGK2) animals also showed a significant reduction in myelin loss (Fig. 6D) . In contrast, although the AX115-treated group showed a larger mean value, it was not significantly different from vehicle-treated controls (Fig. 6D) . As mentioned above, this may be due to the somewhat greater selectivity of AX115 for sPLA 2 as compared with AX059 and FKGK11, and its ability to block cPLA 2 and iPLA 2 less effectively than FKGK2.
Effects of PLA 2 inhibitors on chemokine and cytokine expression
We assessed changes in the expression of 40 chemokines and cytokines, their receptors and related molecules at the protein level, using a mouse antibody array (RayBiotech Inc.). The analysis was carried out on spinal cords from mice treated with inhibitors starting from Day 5 post-immunization. Tissue was taken on Day 18 when the control vehicle-treated mice reached the peak of the first clinical attack. Twelve chemokines were increased in Note that myelin loss is markedly reduced in both the cPLA 2 (AX059), iPLA2 and the strong pan-PLA 2 inhibitor-treated (FKGK2) mice. AX115-treated mice show an increase in myelin loss although the variance between animals is very high. Luxol fast blue stained spinal cord sections from iPLA 2 -(E) and vehicle-treated mice (F) are also shown. The areas showing myelin loss is outlined in the hatched lines in panel F. Data represent means AE SEM from three mice; three spinal cord sections were assessed per mouse (n = 3 animals in each of the group). Scale bar = 100 mm.
vehicle-treated mice (Fig. 7) , most of which are known to play a role in EAE, except for CXCL5 and CCL25, whose functions in CNS autoimmune disease remain unclear. The cPLA 2 GIVA (AX059) and iPLA 2 GVIA (FKGK11) selective inhibitors reduced 10 of the 12 chemokines that increase in vehicle-treated mice (Fig. 7) , indicating that they prevent the robust inflammatory cascade seen in EAE. In contrast, the weak pan-inhibitor AX115, which inhibits sPLA 2 more than AX059 or FKGK11, differed from the latter two, reducing the expression of seven of the 12 chemokines (Fig. 7) . Importantly, it increased the expression of CCL5 (9.6-fold), CCL9 (9.7-fold) and CCL24 (1.8-fold), (Fig. 7) , which can also regulate the allergic arm of the immune response. The strong pan-PLA 2 inhibitor (FKGK2) reduced the expression of 10 of the 12 chemokines (Fig. 7) but also increased the expression of CCL5 (3.6-fold) and CCL9 (3-fold), but to a lesser extent than AX115. The marked upregulation of CCL5, CCL9 and CCL24 by AX115 as compared to FKGK2 indicates that it does not act like a weaker version of FKGK2. Whether the AX115 effect is due to its effects on sPLA 2 will need to be investigated further.
Similar profiling of cytokine protein expression revealed that 13 cytokines and related molecules were increased in vehicle-treated EAE mice (Fig. 8) , all of which have been shown to play a role in EAE. The cPLA 2 and iPLA 2 selective inhibitors both reduced expression of 11 of the 13 pro-inflammatory cytokines (Fig. 8) , as well as increased the expression of the anti-inflammatory cytokine IL-10 ($1.5-fold; Fig. 8 ). AX115 on the other hand reduced expression of nine of the 13 cytokines, but importantly, it failed to increase IL-10 (Fig. 8) , and caused a marked increase in soluble TNF receptor 1 (sTNFR1) ($4-fold) (Fig. 8) . The lack of increase in IL-10 after treatment with the AX115 is worth noting because this cytokine plays an important role in the remission stage of EAE (Samoilova et al., 1998) . Also, blocking with sTNFR exacerbates disease in multiple sclerosis patients (van Oosten et al., 1996; Kollias and Kontoyiannis, 2002) . The other pan-PLA 2 inhibitor (FKGK2) also reduced the expression of nine of the 13 pro-inflammatory cytokines (Fig. 8) but showed a pattern that has characteristics of the cPLA 2 and iPLA 2 inhibitors on the one hand and AX115 on the other, i.e. it showed increased expression of IL-10 (2-fold), as well as that of the sTNFR1 (3.4-fold) (Fig. 8) .
PLA 2 inhibitors induce differential inhibition and hydrolysis of fatty acids As PLA 2 s hydrolyze fatty acids from the sn-2 position of phospholipids, we carried out a comprehensive profiling of 40 fatty acids that are attached to five phospholipid classes in extracts of spinal cords. These tissues were taken from the same groups of mice used for the chemokine/cytokine assay described above.
Changes in vehicle-treated EAE mice
Vehicle-treated EAE mice showed increased hydrolysis and release of 11 fatty acids from the phosphatidylcholine, cardiolipin and phosphatidylethanolamine classes for a total of 18 fatty acid/phospholipid combinations, as compared with naïve animals ( Fig. 9 ; Figure 7 Changes in chemokine protein expression in PLA 2 inhibitor treated mice. Graph shows the level chemokine expression at the protein level in spinal cords of naïve mice and EAE mice treated with various PLA 2 inhibitors starting on Day 5. Tissues were taken on Day 18, when the vehicle-treated animals reached the peak of the first clinical attack. The cPLA 2 and iPLA 2 inhibitor treatments resulted in a significant reduction in 10 chemokines ( Ã P50.01). AX115 inhibitor treatment reduced the expression of seven chemokines ( Ã P50.01), but also greatly increased the expression of CCL24, CCL5 and CCL9 ( Ã P50.01). The strong pan-PLA 2 inhibitor (FKGK2) reduced the expression of 10 chemokines ( Ã P50.01) and also increased the expression of CCL5 and CCL9 ( Ã P50.01), but to a lesser extent than AX115. Data represent mean AE SEM. Experiments were repeated 3 times with samples from different mice; (n = 3). Asterisk represents a statistically significant difference (P50.01) as compared to vehicle-treated EAE controls. [CCL1 (TCA-3), CCL2 (MCP-1), CCL3 (MIP-1a), CCL5 (RANTES), CCL9 (MIP-1g), CCL11 (Eotaxin), CCL24 (Eotaxin-2), CCL25 (TECK), CXCL1 (KC), CXCL5 (LIX), CXCL11 (I-TAC), XCL1 (Lymphotactin)]. Table 2 ). Four of these (stearic, palmitic, arachidic and behenic acids) are saturated fatty acids, which have pro-inflammatory functions (Kontogianni et al., 2006) . Nervonic acid, which shows 22 and 28% release from phosphatidylethanolamine and phosphatidylcholine, respectively, plays a role in myelin biosynthesis (Sargent et al., 1994) and is decreased in postmortem brain tissue from multiple sclerosis patients (Gerstl et al., 1972; Sargent et al., 1994) . Moreover, the release of nine fatty acids from phosphatidylcholine would lead to the generation of lysophosphatidylcholine, a potent demyelinating agent that can also induce chemokine/cytokine expression in the CNS (Ousman and David, 2001) . Additionally, in vehicle-treated EAE mice there is a 67% release of eicosapentaenoic acid (EPA) ( Fig. 9; Table 2 ), which leads to the production of the series-3 prostaglandins and series-5 leukotrienes (Calder, 2002) , and the E-series of resolvins (Ariel and Serhan, 2007) . These fatty acid metabolites have antiinflammatory properties and could put the brakes on the inflammation at the peak stage of EAE and thus lead to the onset of remission seen in these animals.
Changes in lipid profiles in pan-PLA 2 inhibitor treated mice
The strong pan-PLA 2 inhibitor FKGK2 prevented the hydrolysis of 14 of the 18 fatty acid/phospholipid combinations released from vehicle-treated EAE mice, and reduced the hydrolysis of four fatty acids ( Fig. 9; Table 2 ). It increased the release of tetracosahexanoic acid (23%) from phosphatidylserine. This fatty acid is a precursor to docosahexaenoic acid (DHA), which has anti-inflammatory properties, and has been shown to give rise to the D-series of resolvins (Ariel and Serhan, 2007) and decrease cytokines such as IL-6, IL-1b and TNF-a (Das, 2006; Simopoulos, 2006) . However, FKGK2 only partially blocked the release of four fatty acids from phosphatidylcholine ( Fig. 9 and Table 2), suggesting that treatment with this inhibitor would still give rise to lysophosphatidylcholine, which may account for the continued inflammation in these mice (Fig. 6A-C) . In contrast AX115 also prevented the hydrolysis of 13 of the 18 fatty acid/phospholipid combinations hydrolyzed in the vehicle-treated EAE mice ( Fig. 9 ; Table 2 ). Six fatty acids (arachidic, eicosapentaenoic (EPA), eicosenoic, eruic, tetracosahexanoic and 1-enyl-octadecenoic acids) were still significantly hydrolyzed in the AX115-treated mice ( Fig. 9; Table 2 ). On the other hand, three fatty acids, continued to be released from phosphatidylcholine, which could lead to the generation of lysophosphatidylcholine that can trigger inflammation and demyelination.
Changes in lipid profiles in cPLA 2 and iPLA 2 inhibitor treated mice
The cPLA 2 inhibitor (AX059) prevented the hydrolysis of all fatty acids from phospholipids that were increased in EAE and yields a similar lipid composition profile as naïve animals (Fig. 9) . Only the cPLA 2 inhibitor was able to prevent the production of PGE 2 , thromboxane B 2 (TXB 2 ), 11-HETE and 15-HETE that are proinflammatory ( Supplementary Fig. 2 ). This is consistent with cPLA 2 being the main regulator of arachidonic acid release that gives rise to these eicosanoids (Kudo and Murakami, 2002) . Figure 8 Changes in cytokine protein expression in PLA2 inhibitor treated mice. Graph shows the level chemokine expression at the protein level in spinal cords of naïve mice and EAE mice treated with various PLA2 inhibitors starting on Day 5. Tissues were taken on Day 18, when the vehicle-treated animals reached the peak of the first clinical attack. The cPLA2 and iPLA2 inhibitor treatments resulted in a significant reduction in 10 cytokines ( Ã P50.01), as well as increased the expression of the anti-inflammatory cytokine IL-10 (#P50.05). AX115 reduced the expression of 9 cytokines (#P50.05) while having no effect on IL-10. It also caused a significant increase in soluble TNF receptors 1 and 2 ( Ã P50.01). The pan-PLA 2 inhibitor (FKGK2) also reduced the expression of 9 cytokines ( Ã P50.01) and increased expression of IL-10 ( Ã P50.01), as well as that of the soluble TNF receptor 1 ( Ã P50.01). Data represent mean AE SEM. Experiments were repeated three times with samples from different mice; (n = 3) #P50.05 and Ã P50.01 represents statistically significant differences as compared with vehicle-treated EAE controls. [CSF1 (MCSF), CSF3 (GMCSF)].
The iPLA 2 inhibitor (FKGK11), which prevented the onset and progression of the disease, prevented the hydrolysis of 13 of the 18 fatty acid/phospholipid combinations seen in vehicle-treated EAE mice ( Fig. 9; Table 2 ). Five fatty acids were still hydrolyzed off cardiolipin ( Fig. 9; Table 2 ), including arachidic acid, EPA, eicosadienoic acid, docosadienoic acid and docosapentanoic acid (DPA). While the effects of eicosadienoic acid and docosadienoic acid on inflammation are still unknown, DPA is an intermediate between the omega-3 fatty acids EPA and DHA (Huang et al., 2003) . Interestingly, the iPLA 2 inhibitor still permitted the hydrolysis of 65% of the EPA from cardiolipin ( Fig. 9; Table 2 ), and 80% of the EPA from lysophosphatidylcholine ( Fig. 9; Table 2 ). As mentioned before, EPA is anti-inflammatory and can generate the E-series of resolvins (Ariel and Serhan, 2007 ) that can curb inflammation. In addition, the release of 80% of the EPA from lysophosphatidylcholine would likely render it unable to demyelinate and induce chemokine/cytokine expression. This is in contrast to the cPLA 2 inhibitor treatment, which inhibits hydrolysis of all fatty acids, including the release of the protective EPA ( Fig. 9 ; Table 2 ).
Expression of iPLA 2 in multiple sclerosis
In an effort to assess the potential relevance of these findings to multiple sclerosis, we assessed the expression of the key PLA 2 , namely, iPLA 2 in multiple sclerosis tissue. Interestingly, iPLA 2 positive immune cells were present in demyelinated regions of the Figure 9 Lipid profiling. Heat maps depicting a comprehensive lipid profiling of spinal cords from vehicle-treated EAE mice and mice treated with the cPLA 2 inhibitor (AX059), iPLA 2 inhibitor (FKGK11), weak pan-PLA 2 inhibitor (AX115) and strong pan-PLA 2 inhibitor (FKGK2), starting on Day 5. The amounts of 40 fatty acids that are attached to 5 phospholipid groups were quantified. All five groups are compared with naïve animals, and green squares represent a significant decrease in the fatty acids relative to naïve, suggesting it has been hydrolyzed off the phospholipid in the membrane (P50.05; also see Table 2 ). The numbers in these squares represent the percentage of the particular fatty acid that has been hydrolyzed as compared to values in naïve mice. Vehicle-treated EAE mice show a decrease ranging from 7% to 67% in 11 fatty acids from the phosphatidylcholine (PC), cardiolipin (CL) and phosphatidylethanolamine (PE) classes for a total of 18 fatty acid/phospholipid combinations. The cPLA 2 GVIA inhibitor (AX059) prevented the hydrolysis of all fatty acids from phospholipids and yields a similar lipid composition profile as naïve animals. The iPLA 2 inhibitor (FKGK11) prevented the hydrolysis of 15 of the 18 fatty acid/phospholipid combinations seen in vehicle-treated EAE mice. In particular, it blocks hydrolysis of fatty acids from phosphatidylcholine. The pan-PLA 2 inhibitor (AX115) prevented the hydrolysis of 13 fatty acid/phospholipid combinations that were hydrolyzed in the vehicle-treated EAE. The other pan-PLA 2 inhibitor (FKGK2) prevented the hydrolysis of 14 of the 18 fatty acid/phospholipid combinations that were released from vehicle-treated EAE mice, and reduced the hydrolysis of 4 fatty acids. n = 3 in each group. (Fig. 10A-C) . In addition, iPLA 2 + immune cells were also present in regions with active lesions as indicated by the presence of large numbers of macrophages ( Fig. 10D-F) . Some of these iPLA 2 cells are macrophages (arrows in Fig. 10F ).
Discussion
Our previous work using AACOCF 3 , a non-selective inhibitor which blocks all intracellular cytosolic PLA 2 s, including cPLA 2 GIVA and iPLA 2 GVIA, showed that they play an important role in the onset and progression of EAE in the C57BL/6 mouse strain that has a naturally occurring null mutation of sPLA 2 GIIA (Kennedy et al., 1995) . Furthermore, cPLA 2 GIVA null mice are not susceptible to EAE induction (Marusic et al., 2005) . Our current findings, using the cPLA 2 selective inhibitor (AX059) now indicate that that cPLA 2 GIVA may play a role only in the onset of EAE. We also show that iPLA 2 GVIA on the other hand may play a role in the onset as well as the progression of EAE. When given before the onset of symptoms, both inhibitors have a Data given in Fig. 9 , n = 3 in each group. P50.05 (Student's t-test).
profound effect in reducing the expression of 75% of the chemokines and pro-inflammatory cytokines that are upregulated in EAE, while also increasing the expression of the beneficial cytokine IL-10. These inhibitors also reduced the hydrolysis of fatty acids from phospholipids that are involved in pro-inflammatory processes. The saturated fatty acid family has collectively been shown to contribute to pro-inflammatory responses (Karsten et al., 1994; Ajuwon and Spurlock, 2005; Kontogianni et al., 2006; Stentz and Kitabchi, 2006) , e.g. stearic and palmitic acid are able to induce the expression of IL-1b, IL-2, IFN-g and TNF-a (Karsten et al., 1994) , which are cytokines involved in the pathogenesis of multiple sclerosis and EAE. As expected, only the cPLA 2 GIVA inhibitor was able to reduce eicosanoid production from arachidonic acid. Since iPLA 2 GVIA inhibitor treatment had a profound effect in reducing the severity of the disease, it suggests that inhibiting the arachidonic acid pathway alone is not sufficient to curtail disease progression after the appearance of symptoms. Although eicosanoid production is seen in EAE and in patients with multiple sclerosis (Dore-Duffy et al., 1991; Whitney et al., 2001) , treatment with COX and lipoxygenase inhibitors, or a combination of both, showed varying results (Weber and Hempel, 1989; Simmons et al., 1992) . This suggests the need to also regulate other metabolites of PLA 2 action, such as generation of lysophosphatidylcholine that can impact on both inflammation and demyelination. The fluoroketone inhibitor that selectively blocks iPLA 2 reduces the severity of the disease even when treatment was started after the onset of symptoms, and this protective effect persisted after the treatment was terminated. The main difference between the cPLA 2 and iPLA 2 inhibitor treatment that we detected was the release of 65% of the omega-3, EPA, from cardiolipin and 80% from lysophosphatidylcholine by iPLA 2 inhibitor treatment.
EPA is known for its anti-inflammatory effects and studies implementing dietary interventions in multiple sclerosis patients, particularly with omega-3 fatty acids, appear to show improvements in disease outcome (Bates et al., 1989; Nordvik et al., 2000; Weinstock-Guttman et al., 2005) . EPA can also be converted by cellular cytochrome P450 monooxygenase and 5-lipoxygenase to generate the E-series of resolvins, which are potent anti-inflammatory mediators (Arita et al., 2005; Serhan, 2007) . Moreover, the release of 80% of the fatty acid EPA from lysophosphatidylcholine in the iPLA 2 inhibitor treated group is likely to neutralize its demyelinating and pro-inflammatory properties. In addition, the iPLA 2 inhibitor prevented the hydrolysis of all fatty acids from phosphatidylcholine that occurs in vehicle-treated EAE mice, thus reducing the production of lysophosphatidylcholine. In contrast, AX115 and the pan-inhibitor FKGK2 still allowed the hydrolysis of a number of fatty acids from phosphatidylcholine. The absence of lysophosphatidylcholine production may contribute importantly to the reduction in chemokines and pro-inflammatory cytokines seen after iPLA 2 inhibitor treatment. Treatment with the iPLA 2 inhibitor also results in the release of 69% of the docosapentanoic acid from cardiolipin, a precursor of DHA. The latter can generate natural lipoxins, protectins and resolvins of the D series (Ariel and Serhan, 2007; Serhan, 2007) that actively terminate inflammation. The iPLA 2 inhibitor reduced the expression of 10 out of 12 chemokines and all 10 pro-inflammatory cytokines that are increased in EAE. Interestingly, it increased the expression of IL-10, an antiinflammatory cytokine. The iPLA 2 selective inhibitor could therefore mediate its effects via multiple mechanisms: preventing the hydrolysis of pro-inflammatory fatty acids and permitting the release of protective ones; reducing the production of lysophosphatidylcholine; reducing pro-inflammatory chemokine/cytokine expression and increasing expression anti-inflammatory ones; and neutralizing lysophosphatidylcholine, a potent demyelinating and pro-inflammatory agent. These experiments therefore suggest that selective blocking of iPLA 2 GVIA may be effective in treating CNS autoimmune disease such as multiple sclerosis, especially since iPLA 2 is expressed in immune cells in multiple sclerosis lesions.
We found that the expression of sPLA 2 is increased in the remission phase of EAE. There are two earlier reports that blocking sPLA 2 is protective in EAE when started prior to the onset of symptoms (Pinto et al., 2003; Cunningham et al., 2006) . The inhibitors used in these two earlier studies, however, appear to have other activities, such as neuronal survival and antioxidant properties. On the other hand, our data indicate that AX115 worsens disease severity when given after the onset of EAE. Based on its inhibitory profile, AX115 appears as a weaker pan-PLA 2 inhibitor than FKGK2. However, its biological effects on chemokine and cytokine expression and disease progression are not compatible with it being a weaker form of FKGK2. In fact the effects of these two pan-inhibitors are quite divergent. As mentioned above, the free acid derivative of the hydrolysis of AX115 was found to be a potent inhibitor of sPLA 2 GIIA; this combined with the ability of AX115 to partially block sPLA 2 directly, could suggest that in vivo, AX115 might inhibit sPLA 2 significantly as compared to AX059 and FKGK11, while only partially blocking the other PLA 2 s. However, whether these effects are due to inhibition of sPLA 2 needs to be investigated further with more selective inhibitors. There is evidence in the literature that sPLA 2 may play a role in the resolution of inflammation in an acute model of pleurisy (Gilroy et al., 2004) . Treatment with AX115 also increases the expression of CCL24, CCL5 and CCL9 in EAE. CCL24 is selectively chemotaxic for eosinophils (Rothenberg and Hogan, 2006) ; CCL5 induces chemotaxis of T cells and monocytes, and also activates eosinophils (Rothenberg and Hogan, 2006) ; and CCL9, induces chemotaxis of T cells and activates neutrophils (Poltorak et al., 1995) , suggesting activation of the allergic arm of the EAE response to exacerbate disease and prevent remission. Treatment with AX115 failed to upregulate the Th-2 cytokine IL-10, which may also underlie the worsening of the disease. It also increased by 4-fold the expression of the sTNFR1 which has been shown to exacerbate disease in multiple sclerosis patients (van Oosten et al., 1996; Kollias and Kontoyiannis, 2002) . Further work is warranted to establish if these effects are due to inhibition of sPLA 2 or due to partial blocking of all three PLA 2 s during the peak and remission phase of EAE.
The results presented here show that cPLA 2 GIVA may play a role in the onset of EAE, while iPLA 2 GVIA may contribute importantly to the onset and progression of the disease. It also suggests that the beneficial effects of iPLA 2 inhibition may be mediated via a number of mechanisms such as regulating chemokine and cytokine expression, and the types of fatty acids hydrolyzed from membrane phospholipids. iPLA 2 GVIA may therefore be an excellent therapeutic target for the treatment of the CNS autoimmune disease multiple sclerosis.
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